Ionizing radiation is a genotoxic agent and human carcinogen. Recent work has questioned long-held dogmas by showing that cancer-associated genetic alterations occur in cells and tissues not directly exposed to radiation, questioning the robustness of the current system of radiation risk assessment. In vitro, diverse mechanisms involving secreted soluble factors, gap junction intercellular communication (GJIC) and oxidative metabolism are proposed to mediate these indirect effects. In vivo, the mechanisms behind long-range 'bystander' responses remain largely unknown. Here, we investigate the role of GJIC in propagating radiation stress signals in vivo, and in mediating radiation-associated bystander tumorigenesis in mouse central nervous system using a mouse model in which intercellular communication is downregulated by targeted deletion of the connexin43 (Cx43) gene. We show that GJIC is critical for transmission of oncogenic radiation damage to the non-targeted cerebellum, and that a mechanism involving adenosine triphosphate release and upregulation of Cx43, the major GJIC constituent, regulates transduction of oncogenic damage to unirradiated tissues in vivo. Our data provide a novel hypothesis for transduction of distant bystander effects and suggest that the highly branched nervous system, similar to the vascular network, has an important role.
Introduction
One of the best-known human carcinogens is ionizing radiation, capable of inducing tumors in many organ systems and species at all ages, with greater sensitivity of children (BEIR VII, 2006) . The central dogma for radiation biological effects, that only cells directly hit by radiation will suffer genetic damage, is now confronted by evidence that 'bystander' cells neighboring directly hit cells can also express biological responses/genetic damage following stress signals from adjacent irradiated cells (Nagasawa and Little, 1992; Azzam et al., 1998; Huang et al., 2007) . Radiation-associated bystander responses have important implications for radioprotection, as the target for low-dose radiation damage would be larger than the directly-hit tissue.
Until recently, the relevance of radiation bystander responses for cancer risk has been uncertain. We recently reported tumor induction in an in vivo mouse bystander model (Mancuso et al., 2008) , stressing the potential significance of bystander responses for human health. Identifying the signaling mechanisms by which non-targeted radiation effects may cause tumor development is critical mechanistically, and for assessment of cancer risks associated with medical, occupational and environmental radiation exposures.
There have been few studies evaluating radiation bystander signaling in vivo (Chai and Hei, 2008) . In our laboratory, by use of 12-O-tetradecanoylphorbol-13-acetate, we were able to inhibit expression of connexin43 (Cx43), the major gap junction intercellular communication (GJIC) constituent in central nervous system (CNS), and to reduce long-range radiation damage to the mouse brain (Mancuso et al., 2008) . Although this strongly suggested a role of GJIC in bystander signaling, 12-O-tetradecanoylphorbol-13-acetate is not a specific GJIC inhibitor and exerts numerous effects on cellular functions. Moreover, its toxicity prevented long-term testing of bystander radiation oncogenesis. The nature of molecules exchanged through GJIC that could mediate bystander radiation damage and oncogenesis in vivo has also not been resolved.
Here we specifically investigated the role of GJIC in propagating radiation stress signals in vivo using mice with germline inactivation of one Cx43 allele (Reaume et al., 1995) . The analysis of Cx43 þ /À mice shows that Cx43 reduction leads to a dramatic decrease in bystander genetic damage and oncogenesis. Furthermore, we found significant bystander upregulation of Cx43 in the unexposed brains of wild-type mice, having major implications for understanding the mechanisms relevant for human exposures. Finally, we showed that a mechanism involving transmission or release of purine nucleotides mediates long-range potentially oncogenic radiation damage to distal CNS, with adenosine triphosphate (ATP) possibly acting as an excitatory neurotransmitter in the spinal cord.
Results and discussion
To evaluate GJIC requirement for long-range radiation responses in CNS, and assess the effects of reduced Cx43 and GJIC, we used a Cx43-knockout mouse model (Reaume et al., 1995) . Unlike Cx43-null mice, Cx43 heterozygotes (Cx43 þ /À ) are viable and fertile. They also have normal brain/cerebellum architecture (Figure 1a) , despite considerably downregulated Cx43 expression (Figure 1b) .
To characterize the role of Cx43 in bystander responses in vivo, we tested short-term transmission of radiation damage from the exposed body (3 Gy X-rays) to the shielded (SH) brains of Cx43 þ /À and Cx43 þ / þ mice at postnatal day 2 (P2) using a partial-body irradiation scheme (Supplementary Figure 1) . In this setting, the sum of attenuated and scattered radiation to the cerebellum is 0.036 Gy (1.2% of the total dose, see Monte Carlo simulation in Supplementary Methods), having undetectable genetic/oncogenic effects in directly irradiated cerebellum (Mancuso et al., 2008) . This ensures that we were studying the indirect effects of exposure, rather than the direct effects of photons passing the shields and/or deflected in the cap through irradiated tissues. DNA double-strand breaks (DSBs) represent the most potentially serious damage to a genome, whereas apoptosis occurs when a cell is damaged beyond repair. þ / þ compared with Cx43 þ /À cerebella. Proteins (15 mg) from cerebella (n ¼ 3) were pooled for each lane and separated on 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Rabbit polyclonal antibody against Cx43 (Cell Signaling Technology Inc., Danvers, MA, USA; 1:1000) was used to detect total endogenous Cx43 levels. Filters were stripped and re-probed with anti-b-actin antibody (monoclonal, 1:4000; Sigma Chemical Co., St Louis, MO, USA) for normalization. (c-h) Cx43 þ / þ and Cx43 þ /À pups (n ¼ 6 per group) were whole-body (WB) or partial-body (SH) irradiated with different doses of X-rays (see details in Supplementary Methods and Supplementary Figure 1 ). Brains were collected at 6 h post irradiation. Thick serial (4-mm) sections of cerebellar tissue were cut and stained with hematoxylin and eosin to evaluate apoptosis in the anterodorsal cardinal lobe (boxed in a, right panel). (c) Representative images from SH-irradiated cerebellar tissue. Apoptotic cells were present in the EGL (arrows). Inset represents immunohistochemical analysis of polyclonal antibody against cleaved caspase-3 (Cell Signaling Technology Inc.; 1:100) was carried out to confirm apoptosis, as described (Mancuso et al., 2008) . Arrowheads point to positive cells. (d) Quantification of apoptosis in WB 3 Gy and SH 3 Gy cerebella was carried out as described in Supplementary Methods. Similar apoptotic levels were observed in Cx43 þ /À versus Cx43 þ / þ cerebella of WB 3 Gy mice, in contrast with highly significant reduction of apoptotic damage (***Po0.0001) in Cx43 þ /À compared with Cx43 þ / þ cerebella after SH 3 Gy. Similar results were obtained in three independent experiments. (e) Immunohistochemical analysis of g-H2AX antibody (Upstate Biotechnology Inc., Lake Placid, NY, USA; 1:200) in the outer EGL of SH 8.3 Gy mice of Cx43 þ /À and Cx43 þ / þ genotypes was performed using HistoMouse MAX kit (Zymed Laboratories Inc., San Francisco, CA, USA) according to manufacturer instructions. (f) Quantification of g-H2AX positivity in granule neuron precursors from WB 0.1 Gy and SH 8.3 Gy irradiated mice was carried out as described in Supplementary Methods. Drastically reduced levels of nuclei with g-H2AX foci (**P ¼ 0. In partial-body irradiated mice, we first compared the apoptotic levels in granule neuron precursors proliferating postnatally in the external granule layer (EGL) of the developing cerebellum ( Figure 1a ). Remarkably, counts of apoptotic nuclei, blind to Cx43 genotypes, allowed to predict mouse genotypes with 100% accuracy (Supplementary Figure 2) , as apoptosis was strikingly lower in Cx43 þ /À compared with Cx43 þ / þ cerebella at 6 h post irradiation (Po0.0001; Figures 1c and d) . Apoptosis was confirmed by immunohistochemistry for activated caspase-3 ( Figure 1c , boxed inset). In contrast, whole-body (WB) irradiation induced similar apoptotic responses in Cx43 þ / þ and Cx43 þ /À genotypes (Figure 1d ), implying that knockdown of just one Cx43 allele is sufficient to appreciate neuroprotective effects in SH cerebella, whereas direct radiation effects are unaffected by Cx43 allelic status.
To fully exploit downstream cellular responses in SH tissues and quantify bystander-related damage in Cx43 þ / þ and Cx43 þ /À mice, we exposed SH mice to 8.3 Gy (SH 8.3 Gy), and non-SH mice to 0.1 Gy (that is, the 1.2% scatter to SH cerebellum; WB 0.1 Gy). We then compared the levels of g-H2AX foci, which are known to indicate sites of DNA DSBs (Rogakou et al., 1999) and represent a sensitive biological dosimeter, and of apoptosis in the EGL of Cx43
þ / þ cerebella at 6 h post irradiation. Predictably, the levels of damage measured by either g-H2AX foci or apoptotic cell counts were similar in cerebella directly exposed to radiation (WB 0.1 Gy) regardless of Cx43 genotype (Figures 1f and h ). Lacking 'noncanonical' radiation effects to protected tissues, similar damage would be expected also in SH 8.3 Gy mice. However, when analyzing the SH cohorts, both Cx43
and Cx43 þ /À mice showed highly significant induction of g-H2AX foci and apoptosis compared with WB 0.1 Gy groups, showing that irradiated mouse tissues generate signals that induce g-H2AX foci and apoptosis in non-targeted brains. Significantly, SH 8.3 Gy Cx43 þ /À mice exhibited dramatically reduced numbers of g-H2AX-positive (P ¼ 0.0078) and apoptotic nuclei (Po0.0001) in the EGL relative to Cx43 (Figures 1e-h ). Therefore, heterozygous Cx43 deletion can suppress propagation of radiation stress signals to unirradiated mouse brains in vivo.
As granule neuron precursors are considered the cells of origin of medulloblastoma (Rowitch et al., 1999) , a highly malignant pediatric brain tumor, we next tested whether radiation-sensitive Patched1 gene heterozygous mice (Ptch1
) lacking one functional Cx43 allele develop a high incidence of medulloblastoma after SH irradiation, similar to Ptch1 þ /À mice (Mancuso et al., 2008) . After intercross, we irradiated pups heterozygous
) or for both genes (Cx43
) in WB (WB 3 Gy) or head SH (SH 3 Gy) settings. Untreated mice of both genotypes were kept as controls (CNs). We observed these cohorts for a 40-week period. Regardless of Cx43 genotype, a high percentage of WB 3 Gy Ptch1 þ /À mice developed aggressive medulloblastoma (Figures 2a and b) by 40 weeks (73% in Cx43
In contrast, tumorigenesis in SH 3 Gy animals was markedly influenced by Cx43 status, as medulloblastoma development in Cx43
þ /À mice was significantly delayed and similar to unirradiated CNs, compared with a 30% final incidence in
mice (P ¼ 0.0118, log-rank test; Figure 2c ). Therefore, lack of one functional Cx43 allele significantly reduced the rate of radiation-induced tumor development in non-targeted Ptch1 þ /À cerebellum, providing unequivocal evidence for the role of functional Cx43 in the expression of oncogenic damage in tissues remote from the irradiated field.
GJICs and their constituent connexin proteins could be crucial in propagation of radiation damage in vivo by allowing direct cell-to-cell exchange of molecules o1000 Da between irradiated and non-irradiated cells. Nutrients, metabolites, nucleotides, second messengers, small peptides and inorganic ions (Na Figure 2 Tumor-free survival after whole body (WB) or shielded
were also SH exposed to 3 Gy. All animals were observed daily for 40 weeks. On health decline, mice were killed and autopsied. Brains were processed for histopathological analysis. Gap junctions, ATP and long-range radiation damage M Mancuso et al so on) can pass through GJIC (Qu and Dahl, 2002) . ATP is a key signaling molecule in the CNS, and is now receiving greater attention because of its role as a neurotransmitter acting at P2X and P2Y receptors in CNS during different physiological and pathological conditions (Wang et al., 2004) . ATP can pass across gap junctions and hemichannels (Evans et al., 2006) and stress stimuli, including radiation, induce ATP release from cells (Tsukimoto et al., 2010) . Thus, ATP released by irradiated cells, for example, through mitochondrial damage (Tartier et al., 2007) , might be a candidate signaling molecule in the initiation of oncogenic bystander damage in vivo.
To probe mechanisms relevant for human bystander radiation effects we used wild-type CD1 mice. We asked whether ATP could be a critical mediator sufficient to induce in vivo DNA/cellular damage similar to that observed in the SH cerebellum after partial-body irradiation. Hence, ATP was injected intracranially in a region adjoining the cerebellum at P2 (B380 mm distance from EGL; Figure 3c ). We show here that DNA DSBs, evidenced by g-H2AX staining, could be induced in granule neuron precursors (3%) of ATPinjected animals at 6 h after treatment (Figure 3a , center), and that this response was increased (10%) in mice receiving combined ATP and SH irradiation (Figure 3a, bottom) . No g-H2AX-positive cells were detected in vehicle-treated mice (Figure 3a, top) . Similarly, an apoptotic response in granule neuron precursors could be mimicked by local injection of ATP at 6 h after treatment (8.3-fold increase over untreated animals; P ¼ 0.0140) (Figure 3b center), indicating that extracellular ATP per se is sufficient to induce cell death in the unirradiated cerebellum, and may be necessary for long-range radiation neurotoxic responses. Significantly, apoptotic damage in the EGL was increased by combined ATP and SH irradiation, by 2.5-fold over SH irradiation (Po0.0001), and 9.6-fold over ATP treatment alone (Po0.0001) (Figure 3b bottom) . No differences in apoptosis were observed in untreated and vehicle-treated mice.
Mechanical stress in neural tissue results in release of ATP from injured cells, and high ATP levels may persist in the peritraumatic zone for many hours after insult (Wang et al., 2004; Davalos et al., 2005) . We show here that, despite significant apoptosis in the cerebellum of ATP-treated mice, substantial cell damage (g-H2AX positivity, cell death, including sporadic apoptosis) (Figures 3c-e) remained confined to the traumatized tissue at the injection site neighboring the cerebellum, contrary to mice receiving combined ATP and SH irradiation, in which no localized damage was detected (not shown). This implies that activation of an ATP transport mechanism may be required for full damage response in cerebellum.
Cx43 expression is highly sensitive to ionizing radiation, as shown by in vitro (Azzam et al., 2003) and in vivo studies (Kasper et al., 1996; Liu et al., 1997; Amino et al., 2006) . We therefore tested whether Cx43 upregulation was induced in targeted and bystander cerebellum of wild-type CD1 mice. Immunoblot analysis of mouse cerebellum after direct X-ray exposure indicated that the gene is activated by 43-fold relative to unirradiated CNs. Significantly, we also observed dramatically increased Cx43 protein levels in SH 3 Gy irradiated mice. Relative to CNs, the Cx43 protein is upregulated in bystander cerebellum to a similar extent (by nearly threefold) as in directly irradiated mice. Notably, bystander Cx43 enhancement is unrelated to dose scattering in SH parts, as Cx43 levels in mice WB exposed to the scatter dose (0.036 Gy) were similar to unirradiated CNs (Figure 3f ). Hence, strong Cx43 upregulation can be induced by radiation in non-targeted tissues, underscoring a striking and previously unrecognized effect of in vivo long-range radiation responses.
If ATP is indeed a key mediator of bystander radiation signaling in vivo, specific ATP inhibitors should be able to modulate damage to 'bystander' Figure 3 ATP can directly trigger DNA DBSs and apoptosis in the unirradiated cerebellum. (a-e) Mice (n ¼ 6 per group) received a single intracranial injection of ATP dissolved in saline (10 mg/mouse), or vehicle (10 ml) using a Hamilton syringe (depth of 1.5 mm from pial surface). At P2, the cranium is soft and translucent, thus injections were not stereotactically guided. Mice recovered immediately and showed no signs of distress or acute toxicity. (a) DNA damage (g-H2AX assay) in vehicle-treated mice (top), after local injection of ATP alone (center), and following combined ATP and SH irradiation (bottom). (b) Left, apoptotic damage in granule neuron precursors could be mimicked by intracranial injection of ATP (center), compared with vehicle-treated mice (top). Apoptotic damage was increased by combined exposure to ATP and SH irradiation (bottom). Right, quantification of apoptotic cells (%) in the different groups. (c) The ATP injection site (black box) next to the cerebellum (B380 mm distance from EGL). EGL, external granule layer; V, vermis. (d, e) Higher magnification of the area outlined by the red box in (c). Several cells show g-H2AX positivity (d) and pycnotic nuclei (e). Inset in (e) shows sporadic apoptosis in this area by immunohistochemical analysis of caspase-3 activation. (f) Bystander upregulation of Cx43. Western blots showing similar magnitude of Cx43 upregulation in cerebellum directly exposed to 3 Gy of X-rays and in bystander SH 3 Gy cerebellum at 3 h post irradiation. Cx43 levels were not increased in cerebella of mice WB exposed to the scatter dose (0.036 Gy) relative to control unirradiated mice. Similar results were obtained in three independent experiments. (g) ATP antagonists reduced bystander apoptosis. S-(4-nitrobenzyl)-6-thioinosine (NBMPR; inhibitor of cellular ATP uptake or release; Sigma-Aldrich, St Louis, MO, USA) in saline was vortexed vigorously for 10 min and sonicated for further 15 min before i.p. injection (40 mg/mouse, 20-ml aliquots) at 75 and 15 min before SH irradiation. The ATP-hydrolyzing enzyme apyrase (Sigma-Aldrich) dissolved in water was injected i.p. at 60 and 15 min before, and at 15, 30 and 45 min post SH 3 Gy irradiation. Pyridoxal-5 0 -phosphate-6-azophenyl-2 0 , 4 0 -disulphonic acid (PPADS; wide spectrum P2 receptor antagonist; Sigma-Aldrich) was dissolved in saline and administered as a single intracranial injection (5 mg/mouse, 10-ml aliquots) at 15 min before SH 3 Gy irradiation. Mice were euthanized at 6 h after ATP antagonists injection or SH irradiation. Apoptotic cell damage significantly decreased in the bystander SH 3 Gy cerebellum by i.p. injection of NBMPR (*P ¼ 0.05) or apyrase (***Po0.0001). Intracranial injection of PPADS did not reduce apoptosis. (h) Intracranial ATP administration before SH irradiation caused a significant increase of apoptotic response in cerebellum of Cx43 þ / þ and Cx43 þ /À mice at 6 h post irradiation; however, this focal treatment could not offset apoptotic levels in Cx43 þ /À versus Cx43 þ / þ mice. Similar results were obtained in three independent experiments.
Gap junctions, ATP and long-range radiation damage M Mancuso et al tissues. To investigate this role of ATP further, we examined whether apoptotic cell damage could be decreased in the bystander EGL when S-(4-Nitrobenzyl)-6-thioinosine, which inhibits cellular ATP uptake or release (Sinclair et al., 2000; Tsukimoto et al., 2010) , was given to mice before SH irradiation. Notably, 
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Gap junctions, ATP and long-range radiation damage M Mancuso et al apoptosis was reduced significantly in the presence of S-(4-nitrobenzyl)-6-thioinosine (Po0.05) (Figure 3g ). To further explore this in vivo ATP involvement, we administered the ATP-hydrolyzing enzyme apyrase to mice during SH irradiation, and show here that apoptotic damage was reduced by fourfold (Po0.0001).
In contrast, local injection of the wide-spectrum P2 receptor antagonist pyridoxal-5 0 -phosphate-6-azophenyl-2 0 ,4 0 -disulphonic acid (Wang et al., 2004) was not associated with significant decrease of injury, suggesting that the effect was not P2 receptor mediated or that more specific inhibitors would be required. The interplay between ATP and Cx43 is further shown by the significant increases of apoptotic response in cerebellum of both Cx43 þ / þ and Cx43 þ /À mice after intracranial ATP administration before SH irradiation (Figure 3h ). However, this focal treatment could not offset apoptotic levels in Cx43 þ /À versus wild-type mice. These findings strongly argue that a process of indirect DNA damage mediated by Cx43 gap junctions and purinergic signaling occurs in CNS by exposure of distant tissues, and that ATP intercellular transmission is associated with communication and spread of damaging signals in CNS beyond the area where initial damage was triggered.
Because Cx43-mediated transmission of damage across different tissues and systems would be unlikely, we next asked whether the spinal cord has a critical role in extending radiation injury to the unexposed brain. To this aim, we adopted a different shielding geometry protecting approximately two-thirds of the mouse body (Figure 4a and Supplementary Figure 1) . Figure 4b shows a longitudinal section of the spinal cord. For reasons of cell morphology and density, levels of g-H2AX foci were scored in the ependymal cells, a thin epithelial layer lining the central canal enclosed within the spinal cord and the cavities of the CNS, strongly expressing Cx43 (Figures 4c and d) . Strong positive g-H2AX staining involving the majority of ependymal cells appeared very quickly in the exposed spinal cord region, with peak levels observed within 30 min after irradiation (Figure 4e) . In SH regions, induction of g-H2AX foci was evident at the same time, although this response was markedly lower, confirming that neural tissues respond to radiation-induced damage that occurs in cells at quite large distances away.
Small pathogenic molecules diffusing from irradiated to unirradiated cells could result in cell death that is maximal near the site of irradiation and decreases with distance. Alternatively, spread of sodium or calcium ions could instantly involve large number of neurons, resulting in more uniform damage (Frantseva et al., 2002) . Here no evidence was obtained for spatial/ Figure 4 Role of the spinal cord and exogenous ATP in extending radiation injury to the unexposed brain. (a-d) Mice (n ¼ 6 per group) were irradiated at P2 with a cylindrical shield protecting approximately two-third of the body. Pups were killed at 0.5 or 6 h post irradiation (3 Gy), and were whole-body fixed in formalin and paraffin embedded. Longitudinal sections of spinal cord were cut at 4-mm thickness and stained with hematoxylin and eosin, or immunostained with anti Cx43 and g-H2AX antibodies, as described above. Shielded regions located o3 mm from the lower border of the shield were excluded from analysis. (a) Scheme of irradiation set up for long-shield irradiation (left). Demarcation between exposed and shielded regions at P10 because of hair growth delay in exposed skin (right). ) or vehicle (20 ml) was performed 15 min before irradiation in an additional group of mice (n ¼ 6) using a Hamilton syringe with 28-gauge needle as described (Tsuda et al., 1999) . At 6 h post irradiation, brains were collected and apoptosis evaluated in cerebellum as described above. Intrathecal ATP administration before SH irradiation produced a highly significant enhancement of apoptotic response in shielded cerebellum (**P ¼ 0.0037). Similar results were obtained in three independent experiments. temporal gradients of g-H2AX foci, as bystander g-H2AX damage was maximal at 30 min in all sections examined regardless of distance from directly irradiated regions (Figure 4e ).
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If ATP mediates transmission through neural tissues, exogenous ATP injection in the spinal cord might result in damage to distal CNS. Remarkably, intrathecal ATP administration 15 min before SH irradiation produced a highly significant enhancement of apoptotic response in cerebellum at 6 h post irradiation (P ¼ 0.0037) (Figure 4f ), implying that ATP has a role in propagating radiation stress signals in the spinal cord, resulting in increased long-range radiation CNS damage.
The in vivo mechanisms of long-range radiation responses have been elusive. Our findings add to previous work associating GJIC with in vivo bystander responses (Mancuso et al., 2008) . Using a genetic approach for Cx43 gene downregulation, we show here that GJIC is crucial for long-range transmission of oncogenic radiation signals causing tumor responses in distal CNS. A significant corollary of our findings is the hitherto unrecognized bystander upregulation of Cx43 in vivo. Coupled with data showing that ATP can directly trigger cell death in the unirradiated cerebellum, and that long-range radiation CNS damage can be suppressed by ATP antagonists, or the ATP-metabolizing enzyme apyrase, our findings support a model whereby in vivo irradiation generates signaling responses that involve ATP spread and Cx43 upregulation for transduction of potentially oncogenic effects to remote unirradiated tissues. H2AX phosphorylation marks a signaling cascade for the resolution of the break, leading to its accurate repair, or to apoptosis if the break is unrepaired/misrepaired. DSBs that are not accurately repaired before mitosis will pose a higher risk for chromosome rearrangements and genomic instability. Indeed, low levels of DNA damage fail to initiate the G2/M checkpoint in human fibroblasts (Lo¨brich and Jeggo, 2007) , allowing genetically altered cells to proliferate. This adds to very recent data showing that bystander-related DSBs persist for longer periods compared with DSBs induced by direct effects (Ojima et al., 2011) . A slower repair kinetics may contribute to a residual low level of unrepaired DSBs, providing opportunity for loss of heterozygosity of critical genetic regions. Ptch1 loss of heterozygosity is indeed a crucial event for Ptch1-associated tumorigenesis in cerebellum (Pazzaglia et al., 2006) .
In our experiments, local ATP was not sufficient to even out apoptosis levels in Cx43 þ /À versus Cx43 þ / þ mice on SH irradiation, reinforcing the interplay of Cx43 and ATP as a key element. As ATP action can be both local and propagated through neural tissues, particularly the spinal cord, this supports a role of ATP acting as an excitatory neurotransmitter for longrange potentially oncogenic damage through the highly branched nervous system. Our results raise questions about the nature and mechanisms of bystander responses and their generality in tissues/systems in vivo, and further work will be needed to elucidate their mechanisms at tissue and whole-organism level. It will be important to establish (i) whether GJICs regulate bystander radiation effects in tissues other than CNS; (ii) if they regulate bystander effects independently or cooperatively with oxidative metabolism (Azzam et al., 2002; Mothersill and Seymour, 2004) ; (iii) whether ATP, with ATP-associated Ca 2 þ signaling (Schipke et al., 2002; Davalos et al., 2005) , is the principal autocrine/paracrine mediator implicated in propagation of radiation stress in nervous and other tissues/systems; (iv) how the current results translate to low-dose human exposures (for example, occupational, diagnostic and environmental). Diagnostic radiology is a major field in which non-targeted effects may have implications, as they occur at doses that might be exceeded during complex radiological examinations (Brenner and Hall, 2007) .
Our findings hold therapeutic significance, as radiation is commonly used in cancer treatment protocols. It is therefore of great practical interest to elucidate the mechanisms of in vivo bystander effects. Mechanisticbased studies will suggest ways in which these responses could be manipulated, for example, inhibited for protection of normal tissues during medical exposures, or potentiated in tumors to enhance radiotherapy outcomes. The finding that GJIC and purinergic signaling are critical in mediating long-range oncogenic radiation damage to mouse CNS in vivo provides insight for such manipulations, and for potential application of novel unconventional concepts to the devise of new strategies in cancer radiotherapy.
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